Partially purified preparations of ribulose-5-phosphate kinase (specific activity, 50 
Carbon dioxide fixation in autotrophic bacteria appears to occur primarily by way of ribulose diphosphate carboxylase (6, 18) . Regulation of the process was first demonstrated in cell-free extracts of Thiobacillus thioparus by Johnson and Peck (12) , who observed that adenosine monophosphate (AMP) inhibited the adenosine triphosphate (ATP)-dependent incorporation of CO2. The site of inhibition was identified as ribulose-5-phosphate kinase (phosphoribulokinase [PRK] , ATP: D-ribulose-5-phosphate 1-phosphotransferase [EC 2.7.1.19]) (12, 16) .
In view of the significant role played by ribulose-5-phosphate kinase in the regulation of carbon dioxide fixation in a variety of autotrophic bacteria (7, 8, 11, 16, 17, 23) , we have examined several aspects of the enzyme from Thiobacillus neapolitanus, using partially purified preparations, with the goal of elucidating some of the mechanisms which control its activity and, hence, the larger process of carbon dioxide fixation.
MATERIALS AND METHODS
Preparation of cell extracts. T. neapolitanus 532 (obtained from W. Vishniac) was grown and harvested as previously described (15) . A 10% (wet weight/volume) suspension of cells in buffer (0.05 M potassium phosphate, pH 6.5) was passed through a French pressure cell at 20,000 psi, and the resulting homogenate was centrifuged at 20,000 x g for 30 min. The supernatant fraction was treated with ammonium sulfate at 2 C, first to 45% saturation and then to 70% saturation. The first precipitate was discarded; the second precipitate was dissolved in buffer and passed through a column (2.5 by 35 cm) of Sephadex G-25 (coarse) equilibrated with buffer. The volume of the ammonium sulfate-free protein was reduced, when necessary, by membrane filtration on a PM-30 filter (Amicon Corp., Bedford, Mass.) at 2 C.
Desalted protein (up to 100 mg in a volume of 20 ml) was adsorbed onto a column (2.0 by 45 cm) of diethylaminoethyl (DEAE)-Sephadex that had been washed and equilibrated with buffer. The column was then washed with 100 to 160 ml of buffer, and developed with a linear gradient of potassium phosphate ranging from 0.05 to 0.5 M (pH 6.5), total volume, 400 ml. Fractions of about 3.5 ml were collected at 2 C. Fractions containing ribulose-5-phosphate kinase were pooled and passed through a column (2.0 by 45 cm) of G-200 Sephadex equilibrated with buffer. Fractions containing PRK activity were again pooled and concentrated by mem-brane filtration. The concentrated enzyme was either used directly or chromatographed a second time, under the same conditions, on DEAE-Sephadex A-25.
Spectrophotometric assay (standard conditions). The purification procedure removed reduced nicotinamide adenine dinucleotide (NADH) oxidase and ATP phosphohydrolase activities and allowed the use of a spectrophotometric assay of PRK. This assay was a modification of the procedure of Hurwitz (9) and depended upon the measurement of adenosine diphosphate produced by the phosphorylation of ribulose-5-phosphate by ATP. An auxiliary enzyme system consisting of phosphoenolpyruvate (PEP), pyruvate kinase, and lactate dehydrogenase was used to promote the oxidation of NADH stoichiometric with ribulose-5-phosphate phosphorylation. NADH oxidation was followed at 340 nm with a Gilford spectrophotometer with a range of 0 to 0.200 absorbancy units full scale.
Assay of PRK was carried out in a volume of 1.00 ml with the following components: sodium ATP, 5 Pontremoli and Mangiarotti (21) . Lactate dehydrogenase and pyruvate kinase were obtained from Boehringer, New York. Spinach phosphoribulokinase was obtained from Sigma or prepared by the procedure of Racker (22) . Other chemicals were of reagent grade and obtained from commercial sources.
RESULTS
The specific activity of phosphoribulokinase in the cell homogenate was 0.067 unit/mg; after a complete purification procedure the specific activity attained was as high as 450 units/mg. Preparations with high specific activity (above 300 units/mg) were very labile and lost up to 50% of their activity per day. Stabilizing agents, such as dithiothreitol, 2-mercaptoethanol, glutathione, glycerine, or ethylene glycol were ineffective in stabilizing the enzyme; however, in the presence of bovine serum albumin the rate of decay of the enzyme was decreased slightly.
For the purpose of the experiments to be described, the final purification step, rechromatography on DEAE-Sephadex, was omitted and enzyme preparations having a stable specific activity of 50 to 125 units/mg of protein were used. Such preparations lost less than 10% of their activity when kept at 2 C for periods of 1 year or longer.
Elution of phosphoribulokinase from DEAESephadex occurred at a phosphate concentration between 0.20 and 0.27 M (Fig. 1) . PRK was eluted just prior to the elution of ribulose diphosphate carboxylase (0.27 to 0.32 M phosphate); ribose-5-phosphate isomerase was washed from the column with buffer before the gradient was applied. The (Fig. 2) . The Km for ATP was calculated as 7.1 x 10-4 M. The activity of the enzyme increased sharply between pH 7.0 and the pH optimum of 7.95, and the enzyme was found to be inactive below pH 7.0 and above pH 9.2 (Fig. 3, Figure 4 shows the effect of increasing concentrations of PEP on the activity of PRK. It Effect of pH on the activity of phosphoribulokinase under standard conditions, and in the presence of 2.3 mM phosphoenolpyruvate. A, Each cuvette contained reaction components at standard concentrations including Tris-hydrochloride which had been adjusted to the pH used. Immediately before the addition of 3,g of extract protein the pH was determined. B, Conditions were as described above except that each cuvette also contained 2.3 mM phosphoenolpyruvate, and the reaction was initiated with 6 4g of extract protein. At the pH extremes, the auxiliary enzyme system functioned at a rate at least 15 times that of the maximal activity of the phosphoribulokinwse under optimal conditions. can be seen that at low concentrations the compound was ineffective as an inhibitor, or stimulated slightly. As the concentration increased, however, inhibition became stronger, although inhibition of more than 80% was never observed even at inhibitor concentrations equal to that of the substrate. At pH 8.4 the 1o.5 (50% of maximal inhibition) was calculated to be about 2.4 mM.
Saturation of phosphoribulokinase with ATP was strongly pH-dependent (Fig. 5) . In the pH range between 7.0 and 7.8, saturation curves were sigmoidal, whereas at the pH optimum and at higher pH the response to ATP was hyperbolic. Kinetic responses of PRK in the presence of high concentrations of PEP. The addition of PEP at a concentration of 2.3 mm changed the pH optimum of PRK activity from pH 7.9 to pH 8.4 (Fig. 3, curve B) Glucose-6-phosphate ..........
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a The conditions of the assay have been described previously (15) . The incorporation of 14CO, into acid-stable material in the presence of ribose-5-phosphate, added ribose-5-phosphate isomerase and ribulose diphosphate carboxylase, and ATP, was determined by liquid scintillation radioactivity counting. The reaction was initiated by the addition of 1.2 ,g of extract protein in a volume of 5 Mliters.
b Each of the added compounds was present at a concentration of 0.7 mm except for AMP, NADH, and pyruvate, each of which was present at a concentration of 3.5 mm. None of the compounds added was found to affect the activities of ribulose-5-phosphate isomerase or ribulose diphosphate carboxylase when the enzymes were tested separately.
cThe control (0% inhibition) incorporated 6,320 counts per min per gg of protein.
ficients decreasing from 3.9 at pH values below the optimum to 2.3 near the pH optimum.
To eliminate the possibility that the sigmoidal responses of the PRK to increased ATP concentration could be caused by effects on the auxiliary enzyme system, commercial spinach PRK was tested for response to ATP (Fig. 7) . Both commercial preparations, and those prepared from fresh extracts, were found to have hyperbolic saturation curves at all pH values tested, and to have pH optima at 7.8. The spinach enzyme was unaffected by PEP.
The effect of excess PEP on PRK activity was pH-dependent ( hibited (AMP, acetyl phosphate). The addition of PEP in the presence of these compounds generally caused inhibition greater than that of PEP alone, an effect also observed with PRK from Pseudomonas facilis (4).
DISCUSSION
The data we have presented emphasize the effect of pH on the activity and the regulation of ribulose-5-phosphate kinase. The pH-activity curve for the enzyme is sharp, and hyperbolic response of ATP is observed at or above the pH optimum. Below the optimum the enzyme exhibits a sigmoidal response to ATP, but a hyperbolic response to ribulose-5-phosphate throughout the pH range of the enzyme. The addition of PEP to the enzyme results in a sigmoidal, concentration-dependent inhibition curve and a shift in the pH optimum of PRK. Below the optimal pH, a Mg2+ "sparing" effect can be observed upon the addition of more PEP. It would thus ap- Effect of pH on the saturation of phosphoribulokinase by ATP under standard conditions. Reactions were assayed spectrophotometrically; pH was determined immediately before the reaction was initiated with the addition of 1.5 Mg of extract protein. Interaction coefficients (n) were calculated as described in Fig. 4 (Fig. 4) and at low concentrations (less than 0.5 mM) does not inhibit. Inhibition caused by PEP plus AMP is more than additive, a situation found also with PRK from Hydrogenomonras facilis (4) .
Together, the data indicate that PRK is an enzyme capable of being regulated by several compounds and by H+ ion concentration. A similar effect of H+ concentration on allosteric properties has been demonstrated with liver pyruvate kinase (10) . Since the product of PRK, ribulose diphosphate, has as its sole physiological function the acceptance of CO2, the enzyme is in a position specifically to regulate CO2 fixation. The regulation of the enzyme can apparently be accomplished in several ways: in response to relative AMP and ATP concentrations, i.e., in response to the energy charge (2) ; in response to PEP concentrations; and in response to pH.
A scheme involving the regulation of PRK by PEP might be stated as follows. The accumulation of PEP is a consequence of high concentrations of ATP, or of a rate-limiting step in the breakdown of PEP. In either case there, is a reflection of excess energy, excess ATP production, or inability to utilize carbon in the form of PEP. Feedback regulation involving inhibition by PEP could serve to prevent the fixation of still more carbon. This situation would be the obverse of that existing under conditions of limited energy, wherein AMP levels would increase, the energy charge would decrease, and the activity of PRK would decrease, suppressing CO2 fixation. PEP inhibition of ribulose-5-phosphate kinase has also been observed in extracts of Chromatium (8) .
The data we have presented, together with other data (8; E. J. Johnson and R. D. MacElroy, manuscript in preparation), suggest that PEP plays a significant role in the regulation of autotrophic metabolism. A further demonstration of the interrelationships among the regulatory mechanisms is the thiobacilli has been provided by Cornish and Johnson (5) who have reported that the activity of T. neapolitanus pyruvate kinase is stimulated by ribose-5-phosphate and AMP, and is inhibited by ATP.
